Study Design. Patients with low back pain and asymptomatic individuals were evaluated while performing controlled and free-dynamic lifting tasks in a laboratory setting.
An important, yet unresolved, issue associated with low back pain (LBP) is whether the spine loadings of patients with LBP differ from those of individuals who are asymptomatic for LBP. Recent studies 1, 3 have suggested that excessive mechanical loading on spinal structures that already are compromised can progressively affect disc degeneration, possibly resulting in chronic LBP. Therefore, it is important to understand the mechanisms by which spine loading occurs in patients with LBP to allow identification of situations that might lead to further spine damage.
There have been several attempts toward a better understanding of the biomechanical differences between patients with LBP and asymptomatic individuals. Studies have explored the strength differences between patients with LBP and asymptomatic individuals 22, 24, 30, 48, 49, 51, 58 . Although most of these studies have identified differences in strength production capacity, they do not offer much insight into the nature of the loading imposed on the spine. Other studies 6, 9, 25, 26, 54, 55, 57, 58 have attempted to document the back muscle electromyographic (EMG) activities. Although increased coactivity (guarding) in patients with LBP have been documented by several researchers, 6,9,26 -28 none have determined whether the increased coactivity translated into higher spine loading.
Deterministic biomechanical models have been developed that estimate spine loads in uninjured individuals by assuming that specific internal structures must support an external load moment and contribute to internal spine loading. 7, 8, 14, 53, 59 However, it is well known that patients with LBP have greater levels of guarding, recruit their muscles in a significantly different manner, move slower, and have altered flexion-relaxation responses, as compared with asymptomatic patients 4 -6,28,34,42,46,60 . These facts suggest that patients with LBP may use very different muscle activation patterns to generate internal load support, making deterministic models inappropriate for patients with LBP.
Clearly, to predict spine loads in patients with LBP, the clinician must be able account for atypical recruitment patterns of the trunk muscles. Although EMGassisted biomechanical models could be well suited to such a task, these models need to assess the relative contribution of multiple muscles accurately, which usually requires an EMG calibration (e.g., typically normalized to maximum exertion). Unfortunately, patients with LBP are unable or unwilling to produce such exertions. 21, 39, 47 Recently, studies in the authors' laboratory have developed an EMG calibration procedure based on submaximal exertions that nevertheless can estimate maximal EMG. 31, 32 Given this development in EMG calibration, a study intended to compare spine loads of patients with LBP with those of asymptomatic individuals was designed.The study consisted of two phases: one interpreting spine loads in both groups of subjects exposed to external loads of the same magnitude while positioned in identical postures, and another permitting subjects to adjust their postures so the researchers could gain insight into how patients with LBP compensate for their pain limitations under realistic conditions.
Methods

Participants.
Of the 44 participants in this study, 22 (12 males and 10 females) had LBP at the time of the testing and were recruited from the orthopedic practice of one of the authors (P.G.). In addition, 22 age-and gender-matched individuals who had been asymptomatic during the previous year were recruited. Gross anthropometric characteristics are reported in Table 1. Table 2 summarizes the LBP characteristics of these individuals with LBP.
Study Design. All the participants were involved in both phases of the testing. Phase 1 testing was intended to control torso posture precisely at 20°of torso flexion and force exertion level. During this exertion, the participant's pelvis was fixed in a structure that measured external trunk moment via a force plate (Figure 1 ). While in this posture, the participants were asked to control sagittal extension exertion by ramping up to a predetermined force exertion level for 2 seconds. Three exertion targets (40, 60 , and 80 Nm) and injury group membership (LBP vs asymptomatic) served as the independent variables for this phase of the study. The dependent variables for this phase consisted of trunk muscle EMG activity, trunk kinetic information, and the resulting spine loads.
Phase 2 testing was intended to evaluate whether kinematic compensation occurred in patients with LBP, as compared with asymptomatic participants. This phase used a repeatedmeasures within-subject design. The independent variables in this study were group membership (LBP vs asymptomatic), weight lifted, and lift origin. Four weights weighing 4.5, 6.8, 9.1, and 11.4 kg, respectively, were lifted under free-dynamic sagittally symmetric conditions, each starting from six lift ori- Figure 2 ). The lifts ended with the body in an upright position and the weight located at elbow height. The dependent variables for this phase comprised the EMG activity of 10 trunk muscles, trunk and hip kinetic and kinematic information, and the resulting spine loads.
Apparatus. Electromyographic activity was collected with the use of bipolar silver-silver chloride electrodes. The electrodes recorded activity at the 10 major trunk muscle sites consisting of right and left muscle pairs of erector spinae, latissimus dorsi, rectus abdominis, external oblique muscles, and internal oblique muscles. Electromyographic preparations and electrode placements have been described previously. 41 The raw EMG signals were preamplified, high-pass filtered at 30 Hz, low-pass filtered at 1000 Hz, rectified, and smoothed with a 20-ms sliding window filter. Skin impedances were maintained below 100 K⍀.
Electromyographic calibration normalization testing and Phase 1 testing were performed using an asymmetric reference frame. 40 Pelvic and leg positions also were controlled using a pelvic support structure 19 ( Figure 1 ). The asymmetric reference frame provided static resistance against the upper body and monitored torque production about L5-S1, 19 which was displayed on a computer so participants could control the magnitude.
During Phase 2 testing, trunk kinematics were documented with a lumbar motion monitor. The device design, accuracy, and application have been reported previously. 33 Ground reaction forces were monitored via a force plate in conjunction with a set of electrogoniometers 13 ( Figure 2 ). All signals were collected simultaneously at 100 Hz using customized Windows-based software developed in the Biodynamics Laboratory (Columbus, OH).
EMG Calibration.
A new EMG calibration procedure reported recently does not require maximal exertion for calibration of the EMG signal. 31, 32 This new technique estimates the slope of the EMG-force relation and predicts an expected maximum contraction for "anchoring" the maximum value ( Figure  3 ). The EMG-force relation (slope) is established by a series of low-level exertions performed in flexion, extension, and axial twisting. Subjects are asked to produce three subjectively determined exertion levels (e.g., 1 ⁄3 or 1 ⁄2 of their available strength) and three set exertion levels (e.g., 10, 20, and 30 Nm). 
31,32
The expected maximum contraction, as a substitute for maximum voluntary contraction, was derived from regression equations describing the relations between maximum exerted trunk moments and anthropometric measurements for 120 subjects.
Functional Assessment. To quantify the extent of low back impairment associated with the experimental subjects, a dynamic functional assessment was performed using the lumbar motion monitor. This method has been thoroughly reported and validated. 34, 39, 42, 46 The motion characteristics of the participants with LBP were significantly lower than those of asymptomatic individuals (P Ͻ 0.01), with the asymptomatic group within normal range.
Spine Load Assessment. Over the past 18 years, the authors' laboratory has developed a three-dimensional dynamic biomechanical model that can determine how the vertebral joint at L5-S1 is loaded during a dynamic motion 10, [15] [16] [17] [18] [35] [36] [37] [43] [44] [45] 50, 56 . The model has been validated for forward bending, 16, 45 lateral bending, 36 and twisting 35 exertions and adjusted for anatomic gender differences. 20, 38 For this study, adjustments to muscle location and size relative to each subject's body mass index also were made 61 because the LBP group was considerably heavier than the asymptomatic group, yet similar in stature.
Two additional biomechanical measures were defined in this study. The coactivity index was defined as the activity of the antagonist muscles relative to agonist muscle activities. Next, cumulative compression was defined as the spine load summed continuously over the entire lift period (i.e., integration of instantaneous loads).
Procedure. On arriving at the Biodynamics Laboratory, the subjects first were informed about the study procedures, their prerogative to refuse performance of a particular lift, and their need to inform experimenters about any further discomfort. Consent to participate was acquired via a document approved by the University Institutional Review Board. Second, anthropometric measurements were collected, and surface electrodes then were applied using standard placement procedures. 41 Next, the participant was positioned in the pelvic support structure in the asymmetric reference frame, and the EMG calibration procedure was performed. This procedure was followed by the Phase 1 experiment, in which the subjects completed the three targeted extension exertions. After a rest period, Phase 2 test conditions were completed twice for each load weight condition. All six lift region conditions ( Figure 2 ) were completed for each weight before the increase to the next weight. Hence, lifts were performed in the least taxing positions (e.g., lowest expected lift moment) first before the participant progressed to more demanding lifts at each weight level. In this test, the participants were required to keep their feet stationary on the force plate, but were free to move the rest of the body as they wished.
Statistical Analyses. Repeated measures analyses of variance (ANOVA) were performed for the spine load variables to explore whether differences exist between individuals with LBP and asymptomatic individuals. When statistically significant independent variables were identified, post hoc analyses (Tukey multiple pairwise comparisons) were performed to determine the source of the significant effects. Significant effects identified were considered statistically significant at a P value less than 0.05.
Results
Phase 1
Evaluation of the controlled exertions indicated that the LBP group experienced significantly greater (47%) absolute compression and lateral shear (103%) than the asymptomatic group (Table 3) . When the spine loadings were adjusted for the greater body mass of the LBP group (via moment normalization), significant increases in compression (26.3%) and lateral shear (75.5%) were still present for the LBP group (Figure 4 ). In addition, the LBP group exhibited statistically significant increases in muscle activities for all 10 muscles, averaging 123% of the asymptomatic group values ( Figure 5 ). The coactivity index for the LBP group was significantly larger (0.46) than the index for the asymptomatic group (0.31) ( Table  3 ). These analyses indicate that when subjects with LBP * Bold values indicate significant differences between LBP and asymptomatic groups (P Ͻ 0.05). † Peak spinal loads predicted by the electromyogram-assisted model. ‡ Peak spinal loads normalized to the sagittal trunk moment. § The relative muscle activity corresponding to the sum of the antagonistic muscle activity (restuc abdominus, external oblique) divided by the agonistic activity (latissimus dorsi, erector spinae, internal obliques). Significant interactions between injury group and the other independent variables (weight lifted or region of lift origin) are shown in Figures 6 through 8 . ¶ The summed value of the instantaneous spinal load during the entire trial.
and asymptomatic subjects perform the same exact exertion, the absolute and relative biomechanical costs to the patients with LBP are much greater.
As expected (but not shown), increases in exertion levels also resulted in significant linear increases in both absolute and normalized spine loads. No interactions between group membership and exertion levels were significant.
Phase 2
Under the free-dynamic lifting conditions, the patients with LBP experienced approximately 20% greater magnitude of external moment and about 21% greater absolute spine compression (Table 3) . They also experienced significantly larger cumulative compression, lateral shear, and anteroposterior shear. As expected, region and weight lifted significantly influenced many of the spine loading measures. Kinematic analyses indicated that the participants with LBP significantly reduced their trunk and hip kinematics in terms of sagittal position and velocity, as compared with the asymptomatic group, when lifting from origins farther away from the spine (greater moment arms), and when lifting from locations with a lower vertical origin ( Figure 6 ). They therefore did not bend as far forward as the asymptomatic group, yet their increased torso mass caused a net increase in external moment.
Cumulative loading was particularly large (average, Ͼ70%) in the LBP group when the participants lifted from lower origins (Figure 7) , and when they lifted the heavier box weights (Figure 8 ). The kinematic compensations were effective at reducing the relative effect of spine loading, as evidenced by a lack of significance for any spine loading variables normalized per unit of moment exposure. However, this was accomplished at the cost of greatly restricted movement. As in Phase 1, the LBP group displayed significantly more muscle activity in all 10 trunk muscles ( Figure 9 ). The LBP group also displayed greater muscle antagonistic coactivity (index ϭ 0.32) than the asymptomatic group (index ϭ 0.2).
Discussion
This study represents the first quantitative EMG-assisted biomechanical evaluation of spine loading differences between individuals with and those without LBP. The use of a new EMG calibration procedure in conjunction with a well-developed EMG-assisted model allowed the authors to show that LBP subjects experience significantly greater spine loads than asymptomatic individuals when subjected to the same postural loading conditions. After normalization for differences in body mass, patients with LBP experienced 26% more compression and 75% more lateral shear than their asymptomatic counterparts. The increased spine loads were related to increased trunk muscle coactivity. These loads can further increase when the impact from the additional body weight of patients with LBP is considered. In the current study, when the body mass of the patients with LBP also was considered, absolute compression values represented almost a 50% increase over those for the asymptomatic group and more than a 100% increase in lateral shear over that for the asymptomatic group under all exertion conditions. Under unrestricted lifting conditions, the participants with LBP kinematically compensated for their back pain, thereby minimizing external moment exposure. However, the LBP group's coactivity along with their increased body mass offset any spine loading benefits that might have been derived from these kinematic reductions in movements. Therefore, under realistic situations, patients with LBP typically experience significantly greater spine loads.
This logic was confirmed by comparing a subsample of five LBP-asymptomatic subject pairs matched for both height and weight. Under Phase 1 conditions, this LBP group subset experienced 28% and 38% greater normalized and absolute compression, respectively. However, under Phase 2 conditions, the LBD group reduced their flexion by 30% and their torso velocity by 60%. These changes reduced the external moment to levels that were less than those of their matched asymptomatic group counterparts, but resulted in virtually identical spine loads. Hence, although the LBP group compensated by reducing the moment imposed about the torso, their increased trunk muscle coactivaiton offset the gains derived through moment reduction. The larger body mass of the typical patient with LBP 11, 12, 29 would further increase spine loading.
The degree of spine loading experienced by the LBP group was strongly dependent on the lift origin height and the moment arm distance, with greater spine loading occurring at lower lift heights and farther from the spine. These also are the regions that would be expected to impose greater moments on the spines of the LBP group because of their greater torso mass. Furthermore, these same conditions were associated with greater differences in coactivations, and most likely were those related to guarding. These findings suggest a strong musculoskeletal system reaction to the patient's body weight during a lift when the moment is great or the lift must be performed at a low level.
These findings suggest two implications. First, body weight appears to play a major role in spine loading for the LBP group, imposing much greater spine loading than would be expected for asymptomatic subjects of equal size. The findings suggest that patients with LBP could benefit greatly from weight control during the recovery process. Second, when patients with LBP return to a workplace that requires materials handling, it is even more important that the workplace be designed to accommodate their capabilities than it would be for asymptomatic individuals. In the case of the patient with LBP, it is important to arrange the workplace so that loads can be lifted at waist height with the lift origin close to the body.
Because guarding and trunk muscle coactivation appear to exert a strong influence on the magnitude of spine loading, it might be expected that patients with LBP and greater impairment might generate more coactivation, and therefore greater spine loading. In the current study, follow-up analyses identified many significant trends between the extent of low back disorder, as measured by the authors' functional analysis test, and both peak and cumulative spine loading. Table 4 summarizes these relations for various lift origins, showing that nonlinear models can explain up to 45% of the variance between impairment and spine compression. There is a monotonic, yet nonlinear, relation between spine loading and degree of impairment as measured in this study. 34, 42 Because the functional analysis test is a measure of the musculoskeletal system's ability to recruit muscles synergistically in an efficient manner, 34 patients may derive more benefit from kinematic conditioning than from strength conditioning.
These increases in spine loading associated with LBP may accelerate degeneration of the spine. Adams et al [1] [2] [3] recently showed that even minor damage to a vertebral body endplate leads to progressive structural changes in the intervertebral discs. In addition, because the patients with LBP performed the lifting tasks over a longer period, there may also have been an additional risk because of cumulative spine loading. For the tasks described in our study, the cumulative lateral shear, anteroposterior, and compressive loads were 44%, 59%, and 57% higher, respectively, for patients with LBP. Recent studies have suggested that increased LBP risk can indeed be related to cumulative loading. 23, 52 In addition, recent efforts 2 have found that sustained loading (suspected under slower movement conditions) result in higher concentrations of stress within the intervertebral discs. Therefore, given the current findings, it would be expected that the risk of further spine damage would be even greater when patients with LBP are exposed to greater levels of cumulative loading.
Finally, several potential limitations must be considered in a study such as this. First, the exposure to loading occurred over a short (2-hour) test period. Under realistic, longer exposure to lifting conditions, the detrimental effects of spine loading may be much greater. However, subjects may adapt better under these prolonged conditions. Further testing is needed to resolve this issue. Second, the current LBP population consisted primarily of patients with pain from suspected muscular origins. A similar study needs to be conducted in which patients with structural disorders are tested to determine whether they would respond in a similar fashion. Third, future studies may want to explore spine loading for patients with acute, as compared with chronic, LBP. The LBP population in the current study did not offer statistical power sufficient for exploring this issue. Fourth, the new normalization technique is based on the assumption that both LBP and asymptomatic individuals have the same muscle control strategies. Future research needs to establish whether a difference may exist. Finally, spine loading was evaluated in this study for a limited range of materials-handling tasks. Future studies could use similar spine-loading analysis techniques to investigate spine loads associated with other forms of work performed by patients with LBP. This might include more complex lifts, pushing-pulling, carrying, lifting while the feet are moved, or seated work tasks.
In conclusion, this is the first EMG-driven biomechanical evaluation of spine loading in patients with LBP, as compared with spine loading in asymptomatic individuals. It has shown that spine loading is significantly greater for patients with LBP than for asymptom- atic subjects during materials-handling tasks. Spine loading increased with increasing impairment, primarily as result of increased trunk muscle coactivation. Although patients with LBP kinematically adjusted their postures to minimize external moment exposure, these compensations did not offset the increased loading resulting from coactivation (guarding) and from the large body mass typical of patients with LBP. The study suggests that most patients with LBP would benefit greatly from reduction in body weight, kinematic conditioning, and efforts to design materials-handling tasks so that lift origins are close to the body and at reasonable lift heights.
Key Points
• Patients with low back pain produced higher spine loads during highly controlled exertions than their asymptomatic counterparts.
• During free-dynamic lifting, patients with low back pain were found to compensate by reducing flexion and motion, thus reducing trunk moment.
• However, the impact of body mass and increased muscle coactivity was greater than the kinematic compensation because patients with low back pain had higher spinal compression, particularly when lift origins were below the waist.
